One factor involved in eukaryotic translation termination is class 1 release factor in eukaryotes (eRF1), which functions to decode stop codons. Variant code species, such as ciliates, frequently exhibit altered stop codon recognition. Studies revealed that some class-specific residues in the eRF1 N-terminal domain are responsible for stop codon reassignment in ciliates. Here, we investigated the effects on stop codon recognition of chimeric eRF1s containing the N-terminal domain of Euplotes octocarinatus and Blepharisma japonicum eRF1 fused to Saccharomyces cerevisiae M and C domains using dual luciferase read-through assays. Mutation of class-specific residues in different eRF1 classes was also studied to identify key residues and motifs involved in stop codon decoding. As expected, our results demonstrate that 3 pockets within the eRF1 N-terminal domain were involved in decoding stop codon nucleotides. However, allocation of residues to each pocket was revalued. Our data suggest that hydrophobic and class-specific surface residues participate in different functions: modulation of pocket conformation and interaction with stop codon nucleotides, respectively. Residues conserved across all eRF1s determine the relative orientation of the 3 pockets according to stop codon nucleotides. However, quantitative analysis of variant ciliate and yeast eRF1 point mutants did not reveal any correlation between evolutionary conservation of class-specific residues and termination-related functional specificity and was limited in elucidating a detailed mechanism for ciliate stop codon reassignment. Thus, based on isolation of suppressor tRNAs from Euplotes and Tetrahymena, we propose that stop codon reassignment in ciliates may be controlled by cooperation between eRF1 and suppressor tRNAs.
Introduction
Eukaryotic translation termination typically requires decoding 1 of 3 termination codons, namely UAA, UAG, or UGA, by the polypeptide chain release factor, class 1 release factor in eukaryotes (eRF1). The N-terminal domain of eRF1 is responsible for decoding these stop codons, while the M-(middle) and C-terminal domains participate in hydrolysis of the ester bond between peptidyl-tRNA and the peptidyl moiety and eRF3 binding, respectively (Cheng et al. 2009 ). Crystal structure data of eRF1 revealed that this factor possesses a transfer RNA (tRNA)-like structure in which the universal GGQ motif located at the tip of the M domain is equivalent to the acceptor arm of tRNA. Moreover, as expected, the conserved NIKS motif (positions 61-64 in human eRF1) and the Y×C×××F loop (positions 125-131) in the N-terminal domain that is involved in stop codon decoding correspond to the anticodon loop of tRNAs (Song et al. 2000; Seit-Nebi et al. 2002; Kisselev et al. 2003; Kolosov et al. 2005) .
Stop codon reassignments have occurred frequently in ciliates. In some ciliate species, such as Paramecium (Caron and Meyer 1985; Preer et al. 1985) , Tetrahymena (Horowitz and Gorovsky 1985) , Stylonychia (Helftenbein 1985) , and Oxytricha (Herrick et al. 1987) , the universal stop codons UAA and UAG are translated into glutamine, whereas in other species, such as Euplotes (Meyer et al. 1991) , the universal stop codon UGA is translated into cysteine. Liang and Heckmann (1993) reported that heterotrichous Blepharisma japonicum uses UAA as a termination codon. A subsequent report suggested that while UGA has been shown to be translated to tryptophan in the ciliate species Blepharisma americanum (Lozupone et al. 2001 ), how UAG is translated remains unknown. Whether discrimination of these 3 stop codons by eRF1 determines their reassignment in these ciliate species remains unclear.
Using a 3-pronged computational approach, Liang et al. (2005) identified 8 conserved residues within the N-terminal domain that are accessible at the molecule surface and that reside in a conserved structural environment. The authors proposed that these sites may be responsible for the physical interaction of eRF1 with mRNA to mediate stop codon recognition, in particular the 3 class-specific sites (i.e., 57, 70, and 126 in human eRF1) within the N-terminal domain that underlie stop codon discrimination. Several models of stop codon recognition have been established based on mutagenesis studies and evolutionary conservation of the eRF1 sequence. One of these, termed the cavity model, proposes that pockets binding specific nucleotides in the eRF1 N-terminal domain physically accommodate the 3 nucleotides comprising a stop codon. Strongly supported by several recent studies, this model proposes that eRF1 adapts to the different stop codons via eRF3-controlled conformational changes that alter the relative arrangement of the respective pockets (Bertram et al. 2000; Fan-Minogue et al. 2008; Hatin et al. 2009 ). Alternatively, Bulygin et al. (2010) demonstrated that Val66 within the NIKS loop (positions 61-64) is involved in recognizing the first uridine of a stop codon, while 31-33 and 121-131 (Y×C×××F) within the N-terminal domain both recognize the second, third, and even the fourth stop signal position purines. Interestingly, Eliseev et al. (2010) showed that changing a single amino acid (i.e., S70 in hu- man eRF1) causes eRF1 stop codon specificity to switch from bipotent to omnipotent. However, in an analysis of point mutations in Saccharomyces cerevisiae eRF1, Merritt et al. (2010) demonstrated that investigation of only the evolutionary conservation of the amino acid sequence is a poor indicator of the functional importance of individual residues involved in translation termination, suggesting that eRF1 was influenced evolutionarily by a complex set of molecular functions besides translation termination. Several reasons exist to explain how these different views have arisen. For example, differences in in vivo and in vitro assay systems, such as mammalian or yeast cells and reporter constructs, can greatly influence experimental results. Also, the method used to determine eRF1 read-through levels can affect the experimental outcome. Some studies used only a cell viability assay to assess eRF1 codon recognition activity; however, this method does not reflect the read-through level of eRF1. Kim et al. 2008 ) despite the fact that Tetrahymena eRF1 can read-through UAA and UAG while Blepharisma eRF1 can read-through UAG and UGA (as shown in this report). This contradictory data cannot be reasonably explained only by the codon recognition function of eRF1. In this study, we used a molecular chimera approach and sitedirected mutagenesis followed by in vivo functional analysis using an eRF1 knockout yeast strain containing a dual luciferase reporter gene to study the function of eRF1 in ciliates, namely Euplotes (Eo eRF1a and Eo eRF1b) and Blepharisma (Bj eRF1), which have dramatically different codon recognition properties from higher eukaryotes. The key amino acids that may confer eRF1 stop codon specificity (Liang et al. 2005) were mutated across various eRF1s to identify the role of these residues. A refresh cavity model has been suggested. Furthermore, based on the isolation of suppressor tRNA from ciliates, our data suggest that eRF1 stop codon recognition activity is not the sole determinant for reassignment of stop codons in different organisms. The presence of suppressor tRNAs in these organisms may also play an important role. Our data also suggest that substitution of conserved residues around the pockets resulted from adaptation of eRF1 to the cellular environment surrounding the suppressor tRNAs.
Materials and methods
Unless otherwise stated all reagents for molecular biology were purchased from TaKaRa (Dalian, China) and used in accordance with the manufacturer's recommendations. All other reagents were of analytical grade.
Preparation of genomic DNA and cloning of the eRF1 genes
Genomic DNA was prepared from Euplotes octocarinatus, B. japonicum, and S. cerevisiae cultivated in our laboratory. The eRF1s (Eo eRF1a, Eo eRF1b, Bj eRF1, and Sc eRF1) were isolated from genomic DNA by PCR using the specific primers listed in Table 1 . DNA encoding the N-terminal domain of eRF1 was cloned to construct the hybrid gene Eo/Sc eRF1b, Bj/Sc eRF1 by recombination with gene fragments encoding the M and C domains of S. cerevisiae eRF1.
Hybrid gene construction and mutagenesis
The eRF1 hybrid proteins were composed of the N-terminal domain of ciliate eRF1 (1-137 aa of Eo eRF1b and 1-137 aa of Bj eRF1) fused to the M and C domains (139-437 aa) of Sc eRF1. To construct the hybrid eRF1 expression construct, the junction between the N and M domains was defined as the hinge region ranging from residue 136 to 139 in S. cerevisiae eRF1. N-terminal gene fragments of eRF1 from Euplotes (Eo eRF1b) and Blepharisma (Bj eRF1) were cloned by PCR from genomic DNA using specific primers containing the restriction enzyme sites SalI and XhoI. The PCR products were subcloned into the pDB948 plasmid (Salas-Marco et al. 2006) , replacing the Euplotes eRF1a gene between the SalI and XhoI sites to yield the expression plasmids pBF001 and pBF022. The hybrid gene in plasmids was confirmed by sequencing. Highly conserved and class-specific amino acids within the N-terminal domain of the eRF1s displayed in reference (Liang et al. 2005 ) are summarized in Table 2 . The class-specific amino acids that may confer differential codon recognition to variant eRF1s were mutated and assayed according to the computational approach published by Landweber's laboratory (Liang et al. 2005) , which include 3 classes of organisms using UGA, UAR, and standard (R represent A or G) as stop codons. Amino acid mutagenesis of the hybrid eRF1s was performed according to the protocol for the QuikChange SiteDirected Mutagenesis kit (Stratagene, Santa Clara, Calif.).
The mutants assayed in this study were designed as follows: the key amino acids in Sc eRF1 were changed into the corresponding amino acids in Eo eRF1a and Tt eRF1; Eo eRF1a was changed into Tt eRF1 and Sc eRF1; Eo eRF1b was mutated into yeast Sc eRF1; and Bj eRF1 was changed into Tt eRF1. All wild-type and mutant eRF1s used in this study are listed in Table 1 , and the corresponding primers used to generate them are listed in Supplementary data Table S1 . 1
Plasmids, oligonucleotides, and strains
All yeast strains, plasmids, and oligonucleotides used in this paper are listed in Table 1, Supplementary data Tables S1 and S2 . 1
Viability assays and dual luciferase read-through assays
The S. cerevisiae strain YDB447 and dual luciferase read-through reporter plasmids were kindly provided by David M. Bedwell (University of Alabama at Birmingham, Birmingham, Ala.). The viability assays and dual luciferase read-through assays were performed 1 Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/doi/10.1139/bcb-2012-0091. 
a Residues were numbered according to human class 1 release factor (eRF1).
according to protocols from the Bedwell Laboratory (Salas-Marco et al. 2006) . A plasmid shuffle technique was used to assess whether the variant eRF1 constructs could support the viability of yeast cells as the only source of eRF1 in the cell. The strains were streaked onto plates containing 5-fluoroorotic acid (5-FOA), which inhibits the growth of cells expressing URA3 from the pUKC802 plasmid. Cells lacking the plasmid were capable of growth on these plates. Stop codon read-through assays were conducted after the carbon source shift. The SUP45⌬(eRF1) strain (YDB447) containing co-expressed wild-type Sc eRF1 under control of the GAL promoter (pDB967) and the hybrid Eo/Sc eRF1a, Eo/Sc eRF1b, Bj/Sc eRF1 driven by the SUP45 promoter were grown in synthetic minimal (SM) galactose-containing medium for several generations at 30°C. During mid-log growth, the cells were harvested and resuspended in SM glucose-containing medium at a cell density of 0.01 A 600 units/mL. After approximately 6 generations, cells were harvested and assayed for read-through levels at 3 stop codons using a dual luciferase assay kit (Promega, Madison, Wis.).
Analysis of gene expression levels
Saccharomyces cerevisiae eRF1 depletion experiments were performed in accordance with Salas-Marco et al. (2006) to confirm that the variant eRF1 and its mutants were the main source of eRF1. The relative expression levels of wild-type Sc eRF1 and hybrid eRF1 were analyzed by qRT-PCR before and after the shift from galactose-to glucose-containing medium. In brief, total RNA from yeast strains before and after the carbon source shift was extracted from cultured cells and used to generate cDNA by reverse transcription using a PrimeScript RT reagent kit (TaKaRa). The resultant cDNA was amplified by PCR with a SYBR PrimeScript RT-PCR kit (TaKaRa) using the CFX96 Real-Time system (Bio-Rad, Hercules, Calif.). Standard curves, which were used to determine the PCR efficiency for each primer set (Supplementary  data Table S2 ) 1 , were conducted on 100 ng cDNA that was serially diluted 5 times from 1:10 to 1:100 000. Primers were used at 200 nmol/L giving a PCR efficiency between 90% and 110%. The final data were calculated and depicted using the log-ratio processing method.
Western blotting to verify the stability of mutant eRF1s
A post-alkaline extraction protocol was used to extract crude protein from yeast cells (Kushnirov 2000) . Cells, at a density of approximately 2.5 OD 600 units, from depletion experiments were collected by centrifugation after the galactose to glucose shift procedure as described above. These cells were resuspended in 100 L distilled water, added to 100 L of 0.2 mol/L NaOH, incubated for 5 min at room temperature, pelleted, resuspended in 50 L SDS sample buffer, boiled for 3 min, and pelleted again. Protein concentration was measured using the method of Lowry et al. (1951) . Approximately 18 L of supernatant was typically loaded per lane of gel followed by transfer to a nitrocellulose membrane (Millipore) and Western blotting with a monoclonal antibody against the hemagglutinin (HA) tag (California Bioscience, Inc.).
Results

Construction and function of chimeric and mutant eRF1
The N-terminal domain of eRF1 is responsible for stop codon recognition. Therefore, to identify the key residues within this domain, we generated chimeric eRF1 proteins consisting of the N-terminal domain of eRF1 from organisms with variant genomes fused to the M-and C-terminal domains of yeast eRF1 (Ito et al. 2002; Salas-Marco et al. 2006; Fan-Minogue et al. 2008) . Sites that were conserved across all the species studied (residues in positions 31, 32, 62, and 63), as well as those present only among species employing the same set of class-specific stop codons (positions 47, 57, 60, 61, 70, 123, and 126) on the eRF1 surface, were considered strong candidates for involvement in the physical interaction between eRF1 and mRNA stop codons. Meanwhile, some highly conserved and class-specific inaccessible residues (positions 48, 59, 124, 110, and 132) may determine the conformation of domains involved in contact with stop codons. Thus, we altered the amino acids specific to the UAR class to ones specific to the UGA and universal classes to analyze the role of these residues in stop codon recognition.
We assessed chimeric eRF1 protein function in the YDB447 yeast strain, in which the eRF1 gene (sup45⌬) is disrupted, supported by expression of the wild-type SUP45 gene from a low-copy-number plasmid carrying a URA3 selectable marker gene (Table 1) . Plasmids expressing hybrid eRF1 and each mutant driven by the SUP45 promoter were introduced into YDB447 cells. Plasmid shuffle was then performed to assess whether these chimeric and mutant eRF1s could support the viability of yeast cells. As shown in Figure  1A , Bj/Sc eRF1 complemented the sup45⌬ mutation at 30 and 22°C on 5=-FOA synthetically defined medium (SD)-Leu plates. Since the cells became sick at 37°C, this data indicates that Bj eRF1 function is temperature-sensitive. In contrast, Eo/Sc eRF1b (Fig. 1B) was able to support cell growth at 22°C, but not at 30 and 37°C when present as the only source of eRF1 in the cells on 5=-FOA SD-Leu plates. RT-PCR was conducted to confirm the expression of each transformed chimeric gene in the yeast cells (data not shown). Hybrid eRF1s, but not wild-type Sc eRF1 expressed from the pUKC802 plasmid, were amplified from the cDNA of transformant yeast cells after shuffle manipulation on FOA plates. Thus, our data indicate that hybrid eRF1 was the sole source of eRF1 used to support yeast cell growth. The lack of complementation observed in the presence of Bj/Sc eRF1 and Eo/Sc eRF1s suggest differences in the functions of these proteins. The former can support cell growth, suggesting that Bj/Sc eRF1 can recognize 3 stop codons, similar to the data in Kim et al. (2008) . However, the read-through assays revealed that the codon specificity of Bj/Sc eRF1 is similar to that of Eo/Sc eRF1s.
Stop codon read-through of chimeric eRF1s
To investigate the read-through level of the hybrid eRF1s at each stop codon, we placed each stop codon between Renilla and firefly luciferase genes controlled by the P PGK promoter and assessed luciferase expression. As a control, Sc eRF1 was expressed under the regulation of the GAL1 promoter, while the hybrid eRF1s were driven by the constitutive SUP45 promoter (Salas-Marco et al. 2006) . Shifting the carbon source in the medium from galactose to glucose inhibited expression of the Sc eRF1 gene. However, expression of the hybrid eRF1s remained constant, indicating a dominant role in discriminating stop codons after carbon shifting.
Investigation of Bj/Sc eRF1 revealed a 12.34% and 9.30% readthrough following Sc eRF1 depletion without any eRF1 at the UAA and UAG codons, respectively (Fig. 2) . In contrast, cells containing Sc eRF1 or Bj/Sc eRF1 showed much less UAA and UAG readthrough (0.38% and 0.27%, respectively, for Sc eRF1; 2.77% and 2.78%, respectively, for Bj/Sc eRF1). At the UGA codon, the readthrough level of Bj/Sc eRF1 was much higher (21.07%) than that of Sc eRF1 (0.85%), approaching the level of the Sc eRF1 depletion control (25.10%). These results indicate that Bj eRF1 was unable to recognize UGA as a stop codon unlike UAA and UAG. The readthrough level of Bj/Sc eRF1 was relatively high compared with that of Sc eRF1 at UAA and UAG. Read-through by this hybrid protein was also higher than that of Eo/Sc eRF1 (Fig. 2) , but much less than that following Sc eRF1 depletion. Similar to Euplotes cells, these data suggest that UGA might be reassigned as a sense codon in Blepharisma, which is inconsistent with the results of Eliseeva et al. (2011) . Although these results were confirmed by multiple experiments using freshly created yeast strains, we cannot exclude the possibility that these discrepancies may be the result of differences in the yeast strains or reporter systems employed to measure stop codon read-through. However, the observation that UGA was translated into tryptophan in Blepharisma (Lozupone et al. 2001 ) supports our data.
Consistent with previous reports, Eo eRF1a and Eo eRF1b recognize UAA and UAG as stop codons. The read-through level of Eo/Sc eRF1b (1.39% and 1.40% for UAA and UAG, respectively) is relatively high compared with that of Eo/Sc eRF1a (0.32% and 0.80% for UAA and UAG, respectively) at both codons. The read-through level of both hybrid eRF1s was much higher than that of Sc eRF1 and approximated the Sc eRF1 depletion control at UGA, indicating that UGA is decoded as a sense codon (cysteine) in Euplotes cells. The above data supposed that Blepharisma and Euplotes are in the same group in which UAA and UAG are used as stop codons and UGA as a sense codon, though the UGA is encoded as tryptophan in the former organism and as cysteine in the latter one.
Identification of the amino acids involved in stop codon decoding
Based on the stop codon specificity of variant eRF1s in ciliates reported previously and assayed in this study, we substituted some amino acids specific to one class of ciliate eRF1 to that of another class of ciliate eRF1. In doing so, we sought to identify the key residues within the N-terminal domain responsible for stop codon discrimination and thus learn more about the mechanisms of protein synthesis termination and reassignment of termination codons in ciliates. Conserved residues in accessible positions of the eRF1s (Table 2) were substituted with amino acids possessing different properties as shown in Table 1 and Table 3 . Each mutant was transformed into the YDB447 yeast strain and its decoding ability was assayed as described above.
The G31, T32, I62, and K63 residues of the GT× and NIKS motifs in the N-terminal domain are universally conserved among known eukaryotic eRF1 proteins (including variant genetic code ciliate species). To investigate whether amino acid substitution at these positions could change the recognition properties of eRF1s, we generated the G31K, G31S, G31A, T32R, and T32I mutations in the N-terminal domain of Eo eRF1b and Bj eRF1, respectively. The resultant mutants were then characterized by the dual luciferase read-through (Table 3 ; Supplementary data Figs. S1C and S1E) 1 and plasmid shuffle assays. We found that GT changes increased the read-through level of mutant eRF1s at 3 stop codons to different degrees depending on the properties of the substituted residues. The hydrophilicity and charge properties affected the readthrough level most. For example, GT combination mutants of Fig. 1 . Assessment by plasmid shuffle assay of viability of cells supported by (A) hybrid wild-type or mutant Bj/Sc eRF1 or (B) mutant Eo/Sc eRF1b as the sole source of eRF1. Yeast strains containing hybrid eRF1s were streaked onto synthetic minimal medium glucose-containing plates supplemented with 5-fluoroorotic acid to select colonies that lacked the URA3-expressing plasmid. Bj, Blepharisma japonicum; Sc, Saccharomyces cerevisiae; Eo, Euplotes octocarinatus; and eRF1, class 1 release factor in eukaryotes.
Fig. 2.
Read-through levels of stop codon UAA, UAG, and UGA by wild-type chimeric Bj/Sc eRF1 and Eo/Sc eRF1. Bj, Blepharisma japonicum; Sc, Saccharomyces cerevisiae; Eo, Euplotes octocarinatus; and eRF1, class 1 release factor in eukaryotes.
Bj/Sc eRF1 and Eo/Sc eRF1 exhibited dramatically higher readthrough levels at UAA and UAG (Table 3 ; Supplementary data Figs. S1C and S1E) 1 . The I62G mutation in the NIKS motif also increased the read-through levels of Bj/Sc eRF1 at the 3 stop codons (UAA 8.29%, UAG 6.91%, and UGA 30.44%), suggesting that both conserved amino acids within the N-terminal domain of eRF1 are involved in stop codon recognition. Plasmid shuffle assays demonstrated that all of the GT and IK mutants were unable to support yeast cell viability when these mutant eRF1s were the sole source of eRF1 in the cells (Supplementary data Fig. S2A ) 1 .
Role of class-specific conserved residues in eRF1-mediated stop codon recognition
The class-specific conserved residues located in inaccessible and surface positions of eRF1 listed in Table 2 were mutated in eRF1 from S. cerevisiae, E. octocarinatus, and B. japonicum as mentioned above. Analysis of these mutants revealed that Sc eRF1 S70A increased the read-through at UGA (5.39%) without affecting readthrough at UAA and UAG (0.08% and 0.10%, respectively). A more dramatic effect was observed with the combined mutation of Sc eRF1 S70A/L126I in which read-through at UGA was 15.96%, which is similar to Euplotes eRF1. The Sc eRF1 G57S/L126F mutant decreased the read-through at UGA significantly while increasing read-through at UAA and UAG, similar to Tetrahymena eRF1. Unexpectedly, expression of Eo/Sc eRF1a A70S along with the combined mutations A70S/I126Y and A70S/I126L did not affect read-through at the UGA stop codon, but increased read-through at UAA and UAG. Nevertheless, the combined mutation of G57S/A70S/I126F, a chimera with position 57, 70, and 126 having the amino acid iden- Note: Read-through values are represented as the mean ± SD. eRF1, class 1 release factor in eukaryotes; Sc, Saccharomyces cerevisiae; Eo, Euplotes octocarinatus; Bj, Blepharisma japonicum; and WT, wild type. Symbols used to denote growth on yeast extract-peptone-dextrose plates are as follows: −, no growth; +/−, very weak growth; +, modest growth; ++, moderate growth; and +++, good growth, optimal wild-type growth as seen at 30°C. ND, not determined. tities of T. tetrahymena eRF1, increased read-through at UAA, UAG, and UGA (2.83%, 7.69%, and 35.88%, respectively), indicating the determinant roles of positions 57, 70, and 126 in recognizing the second and third bases of stop codons. It is worth mentioning that, although A70S in Eo/Sc eRF1a and Eo/Sc eRF1b affected the eRF1 read-through level of the UGA codon (Table 3 ; Supplementary data Figs. S1A and S1B) 1 , a switch in stop codon specificity of Euplotes eRF1s from bipotent to omnipotent was not observed in this study. This result contradicts a previous report that showed that substitution of this residue in Euplotes aediculatus eRF1 led to a switch in the UAR-only specificity of eRF1 to an omnipotent mode (Eliseev et al. 2010) . Interestingly, combined mutagenesis of A70 with E60, S61, and I126 switched the UAR-only specificity of Eo eRF1a to an omnipotent mode. The E60S/S60N/A70S/I126L mutant exhibited 0.17% and 0.16% read-through at the UAA and UAG stop codons, respectively, indicating that efficient recognition was retained at these stop codons. Furthermore, only 0.57% readthrough was measured at the UGA stop codon, which was near the read-through level observed with wild-type Sc eRF1 (0.78%). The YDB447 yeast strain complemented Eo/Sc eRF1a E60S/S60N/A70S/ I126L by gene shuffle, thereby enabling cell growth at 30°C (Supplementary data Fig. S1B ) 1 , suggesting that this Eo eRF1a mutant can read 3 different stop codons in yeast cells.
We also studied the effect of mutating class-specific residues of Eo eRF1b into the corresponding amino acid from S. cerevisiae eRF1. The strain expressing Eo/Sc eRF1b V60S exhibited decreased readthrough levels at all 3 codons (UAA 0.91%, UAG 0.91%, and UGA 14.81%), indicating that this residue is involved in conformational modulation of the codon decoding motifs (e.g., orientation of the 3 pockets to the 3 bases composing the stop codons). Expression of the single mutation A70S decreased the read-through at UGA slightly (17.45%), while marginally increasing the read-through at UAA and UAG (1.29% and 2.42%, respectively), implying that this residue is involved in discriminating the third base of stop codons. The I126L mutation increased read-through at UGA (35.38%) dramatically without affecting UAA and UAG, indicating that this position may be involved in UGA discrimination in coordination with other residues. Additional investigation of the strain expressing the combination mutants, Eo/Sc eRF1b I126L/ A70S and Eo/Sc eRF1b A70S/I126L/V60S, displayed partially decreased read-through at UGA (15.29% and 12.3%, respectively) compared with wild-type Eo eRF1b (21.09%), without significantly increasing read-through at the UAA and UAG stop codons, indicating that these amino acids play an important role in decoding the bases at the second and third positions of the stop codon.
The combined mutations in Euplotes eRF1, which included classspecific inaccessible residues (Tables 2 and 3) , changed the readthrough activity at UGA. Although all of these mutations increased the read-through at UAA and UGA, some mutations (e.g., F123S/K124L) decreased the read-through slightly (17.26%) while others (e.g., I126L/C132H, F123S/K124L/I126L/C132H, and K47L/F123S/K124L/I126L/C132H) increased the read-through at UGA. The K47L/V48Y/F123S/K124L/I126L/C132H mutant increased UAA and UAG read-through significantly without affecting the read-through at UGA. These residues, which are located around pockets 1 and 2 (Fig. 3) , cannot alter the UGA decoding activity of eRF1, suggesting that pocket 3, not pockets 1 and 2, is involved in discriminating UGA.
The Bj/Sc eRF1 A70S mutant increased the read-through level at UAA and UAG (4.95% and 4.19%, respectively). While Bj/Sc eRF1 I126F increased the read-through level at UAA dramatically (11.76%), its effect on UAG read-through was slight (4.99%). Combining both these mutations (i.e., Bj/Sc eRF1 A70S/I126F) increased UAG read-through greatly (20.66%). These results suggest that I126 and A70 may function to recognize UAA and UAG with I126 discriminating adenine at the second position of a stop codon and A70 recognizing adenine at the third position. Correct discrimination by I126 directly affects the activity of A70. In addition, the presence of A70S in combination with other mutations (e.g., A70S/ I126F, S59/A70S/I126F, A70S/T123F, and A70S/T123S/I126L) increased UAG read-through greatly (20.06%, 12.20%, 11.40%, and 10.52%, respectively) but less than the A70S/I126F mutant, suggesting that recognition of A or G at the third position by A70 is affected by the decoding of the first and second positions by residues in pockets 1 and 2 (Fig. 3) . Mutation of T123S, a residue thought to be involved in decoding the first U base (Bertram et al. 2000) , increased the read-through level at all 3 codons (UAA 6.90%, UAG 4.50%, and UGA 26.52%), implying an important role in the recognition of stop codons. The T123/I126L, A70S/T123F, and A70S/T123S/I126L mutants increased the read-through level at UAG only (12.57%, 11.40%, and 10.52%, respectively), and decreased the read-through at UAA (especially A70S/T123F, which decreased the read-through to 0.96%), suggesting that these residues around the 3 pockets coordinate together to decode the bases of stop codons. Gene shuffle experiments demonstrated that yeast cells expressing wild-type Bj/Sc eRF1 and Bj/Sc eRF1 A70S are temperature- sensitive, exhibiting growth in 30°C but not 37°C (Fig. 1A) . However, although the read-through level of the Bj/Sc eRF1 mutants (Table 3 ; Supplementary data Fig. S1D ) 1 was high, especially at UGA, most of the strains tested exhibited cell growth even when the Bj/Sc eRF1 mutants were the sole source of eRF1 (Fig. 1A) . This contradictory data from the dual luciferase and gene shuffle assays demonstrate the complexity of the translation termination mechanism in organisms at different evolutionary levels.
Altogether, our data suggest that some inaccessible classspecific residues can affect codon decoding by modulating the conformation of motifs involved in stop codon discrimination. However, these residues do not interact directly with the nucleotides of the codons. Substitution of a hydrophobic residue with a hydrophilic one can change the conformation of the motif and indirectly affect its interaction with the codon. Moreover, the change in charge properties can affect the amino acid/nucleotide interaction directly.
Isolation of suppressor tRNA from the macronuclear genome of E. octocarinatus
The macronuclear genome of Euplotes is organized in the form of gene-sized chromosomes, each flanked by telomeres. By using PCR, we identified a cysteine (Cys)-tRNA from the macronuclear genome of E. octocarinatus, which had a UCA anticodon (i.e., corresponding to the UGA codon), and submitted the sequence to GenBank (GenBank accession No. JN089767.1). The structure of Cys tRNA was analyzed by submitting it to an online website (http:// lowelab.ucsc.edu/tRNAscan-SE/). The result displayed that the second structure of the Cys tRNA with the UCA anticodon was similar to that of Cys tRNA with a GCA anticodon from E. octocarinatus (GenBank accession No. Y17506.1) (Fig. 4) .
Discussion
Current models of stop codon decoding include linear models positing that stop codons physically bind to the TASNIKS motif in the N-terminal domain of eRF1 (Muramatsu et al. 2001; Chavatte et al. 2002) . In addition, cavity models propose that the body of the eRF1 N-terminal domain contains 3 cavities that can physically accommodate each nucleotide of stop codons (Bertram et al. 2000; Fan-Minogue et al. 2008; Hatin et al. 2009 ). Later, Frolova et al. (2002) and Seit-Nebi et al. (2002) studied the effect of mutating residues within the eRF1 N-terminal domain that are conserved in standard code organisms but have diverged in many variant-code organisms (e.g., ciliates), leading to the proposed nonlinear model in which stop codon recognition is modulated by positive and negative determinants. More evidence in support of the cavity model has arisen from evolutionary, mutagenesis, and biochemical studies in recent years. More residues around the cavities involved in stop codon decoding and maintenance of the overall structural frame-work of motifs within the N-terminal domain have been identified (Hatin et al. 2009 ).
Our data demonstrate the importance of residues around cavities for decoding stop codons. Mutation of S70 and L126 can change the recognition specificity of eRF1, suggesting that these 2 residues are involved in decoding the second and third nucleotides of stop codons. The read-through assays of S70 and L126 combined mutations of Euplotes and Blepharisma eRF1 demonstrated that recognition by A70 of adenine or guanine at the third position of a stop codon is affected by decoding the first and second base positions by residues in pockets 1 and 2. Reexamination of the L126 and H132 mutants studied by the Bertram lab (Bertram et al. 2000) , along with new assays on V110, which is located directly adjacent to L126, C127, D128, and H132 on the floor of cavity 2 (Fig. 3) , shows strong stop codon read-through when residues in this epitope are mutated. Our studies of class-specific positions 47 and 48 combined with residues located around pockets 1 and 2 indicate a significant defect in stop codon recognition following mutation (Table 3 ; Supplementary data Fig. S1C ) 1 , suggesting important roles for these amino acids in discriminating stop codon nucleotides and determining the conformation of cavities that interact with stop codons. Taken together, the residues located around the 3 pockets of the eRF1 N-terminal domain are organized into a stop codon decoding apparatus where the properties of amino acids and interactions between them modulate the conformation of the cavity.
Based on previous results (Bulygin et al. 2010; Eliseev et al. 2010; Wang et al. 2010; Bulygin et al. 2011) and those obtained in this study (Table 3) , we conclude that human eRF1 pocket 3 consists of the residues G31, T32, V66, N67, S70, and V71 and is located proximal to the third base of a stop codon (Fig. 3) . Changing these residues remarkably affects stop codon discrimination by eRF1, suggesting that 2 or 3 residues of this peptide may be involved in discriminating A or G in a stop codon. Eliseev et al. (2010) revealed that mutagenesis of a single alanine residue in position 70 of E. aediculatus eRF1 can switch the UAR-only specificity to an omnipotent mode, suggesting the crucial role of the residue in this position. Furthermore, studies showed that V66 near the NIKS loop and mutation of G31 and T32 can severely lead to defective stop codon recognition (Wang et al. 2010; Bulygin et al. 2011) . Thus, we propose that nucleotide A-N6 or G-N4 of the stop codon can potentially form a hydrogen bond with the carbonyl oxygen of V66 or the hydroxyl group of S70. Pocket 2 is composed of residues L126, C127, D128, and H132 with the floor residue V110 and is associated with discriminating the second base of a stop codon by D128 or H132. The base A-N6 in the second position of a stop codon is decoded by D128, and the decoding process is modulated by C127. The base G in the second position is decoded by H132, and this process is modulated by L126. Residue C127 is positioned directly between pockets 2 and 3 in the model (Fig. 3) , which is an ideal position for discriminating nucleotides in the second position of codons (Fan-Minogue et al. 2008) . This model is supported by the fact that altering residues around this pocket can lead to significant defects in stop codon recognition (Table 3 ; Supplementary data Fig. S1 ) 1 . Pocket 1 is a deep pit lined with hydrophobic residues (L37, I39, V48, and L82) and bounded by residues R47, V48, and M51 of ␣-helix 2 and S123, L124, and Y125 of the ␤4-strand. S123 is thought to interact with U through potential hydrogen bonding between the hydroxyl group of S123 and U-O2 (Bertram et al. 2000) . This cavity model is also supported by in vivo genetic data (Bertram et al. 2000) and studies of suppressor mutations Fan-Minogue et al. 2008; Merritt et al. 2010) . Bertram et al. (2000) proposed a model of how eRF1 binds specifically to UAA, UAG, and UGA while excluding the UGG tryptophan sense codon. Here, we propose that UGG can theoretically be recognized by eRF1, but that the tryptophan tRNA with the CCA anticodon in yeast cells preferentially binds to the UGG codon, thereby outcompeting eRF1. Like the suppressor tRNAs that exist in ciliate cells, the corresponding stop codon (e.g., UGA in Euplotes) cannot be decoded by eRF1.
Our quantitative analysis of a collection of point mutants in variant eRF1s from ciliates and yeast do not conclusively reveal the correlation between evolutionary conservation of classspecific residues in eRF1s and translation termination-related functional specificity of eRF1. These findings highlight the difficulty in constructing reliable structural models of translation termination based on mutagenesis results alone. Nevertheless, evidence from suppressor tRNAs cloned from ciliate cells has provided strong clues towards an explanation of how stop codon reassignment occurs in ciliates.
The stop-codon-specific suppressor tRNAs, tRNA Gln UUA and tRNA Gln CUA , were isolated from the ciliate T etrahymena thermophilia and were confirmed to recognize 2 of the 3 termination codons, UAA and UAG, respectively. These results indicate that Tetrahymena uses UAA and UAG as glutamine codons and UGA as the only functional termination codon evolved from suppressor tRNAs in this species. Comparing the major tRNA Gln with the UmUG anticodon, which presumably reads the 2 normal glutamine codons CAA and CAG, the sequence homology between tRNA Gln UmUG and tRNA Gln UmUA is 81% and that between tRNA Gln CUA and tRNA Gln UmUA is 95%, indicating that the 2 unusual tRNA Gln s evolved from a common normal tRNA Gln early in ciliate evolution (Hanyu et al. 1986) . A similar event may have occurred in E. octocarinatus, in which UGA is used as a cysteine codon while UAA and UAG act as termination codons. We have isolated a suppressor tRNA from E. octocarinatus, tRNA Cys UCA (GenBank accession No. JN089767), which has 77% similarity with normal tRNA Cys GCA , suggesting the reassignment of stop codons in this species is related to the occurrence of a suppressor tRNA.
Stop codon reassignment in ciliates may be determined by competition between eRF1 or variant eRF1 and suppressor tRNAs, which determine whether a codon is used as a stop signal or a sense codon. The interaction between complementary nucleotides is stronger and more specific than that between amino acids and nucleotides. Therefore, the suppressor tRNA likely preferentially interacts with a corresponding stop codon by base pairing through covalent bonding, thereby leaving eRF1s with no chance of recognition. The appearance of suppressor tRNAs in ciliates and evolutionary selection may have led to the inability of eRF1 to recognize a stop codon. Subsequently, the stop codon specificity of eRF1 was shaped by the substitution of amino acids in some key motifs involved in the discrimination of nucleotides within stop codons.
